A B S T R AC T
Pulmonary arterial hypertension and hypoxemia constitute a significant cause of postoperative right heart failure and mortality. Timely administration of inhaled nitric oxide (iNO) can improve hemodynamic parameters and oxygenation in patients undergoing heart and/or lung transplantation and various high-risk cardiac procedures involving coronary artery bypass grafting and/or left ventricular assist device placement. As a diagnostic tool, iNO can be used to identify heart transplant recipients at high risk of right ventricular failure and patients with primary pulmonary hypertension who may benefit from vasodilator therapy. In addition to its role as a potent and selective pulmonary vasodilator, iNO is a useful intraoperative adjunct in adult cardiac surgery patients that may reduce the need for right ventricular assist device placement. This review focuses on the multiple clinical applications of iNO in perioperative patient care.
I N T R O D U C T I O N
In the perioperative setting, pulmonary arterial hypertension (PAH) is common and, if persistent, can lead to right ventricular (RV) dysfunction and right-sided circulatory failure, jeopardizing survival. Thin walled and highly compliant in comparison with the left ventricle (LV), the RV is pathophysiologically more vulnerable to increases in intrathoracic and pericardial pressure, may dilate in response to minor variations in preload and afterload, and is restricted in its ability to increase contractility in response to increased preload. Positive inotropic support intended to augment RV output may have the deleterious effect of increasing PAH. Timely intervention with fast-acting and selective inhaled vasodilating agents, such as inhaled nitric oxide (iNO), can decrease pulmonary vascular resistance (PVR) without increasing pulmonary arterial shunting and systemic vasodilation, thereby reversing PAH, ameliorating RV failure, and preventing hypoxemia. NO, which is present endogenously in exhaled air, is delivered as a bolus dose with each breath from the nasopharynx to the lungs [Dweik 1998 ]. Intubation deprives patients of this bolus dose, suggesting that iNO administration in these contexts may rectify an iatrogenic deficiency state [Gerlach 1994 , Hart 1999 . Initially characterized as endothelial cell-derived relaxing factor in the late 1980s, iNO has been used clinically since the early 1990s to improve the perfusion of wellventilated lung regions, reduce intrapulmonary shunting, improve oxygenation, and decrease pulmonary artery pressure (PAP) and PVR in a variety of disease states [Hart 1999 ].
An endothelial cell product of L-arginine, NO promotes pulmonary vascular vasodilation by increasing intracellular levels of cyclic guanosine monophosphate [Hart 1999 ]. After diffusion into the vessel lumen, NO quickly binds to hemoglobin and is inactivated [Dweik 1998 ]. iNO is currently available in calibrated, closed-circuit systems that minimize nitrogen dioxide production, making safe administration possible, although continuous monitoring of inhaled nitrogen dioxide production as well as blood methemoglobin levels is required [Zapol 1994] . However, at the low doses commonly used (<20 ppm), methemoglobinemia, the most common adverse effect associated with prolonged high-dose therapy (>80 ppm), is not a clinically significant problem [Rossaint 1995 , Roberts 1997 , Dellinger 1998 ]. In the diagnostic and perioperative setting, iNO has the advantage of rapid onset of action locally and rapid inactivation by hemoglobin with minimal effects on systemic hemodynamics [Hart 1999 ].
C L I N I C A L E X P E R I E N C E W I T H I N O I N T H E D I AG N O S T I C S E T T I N G
Two populations of patients benefit from diagnostic testing with vasodilators: those with heart failure or valvular disease who may be candidates for surgery and those with primary PAH who are potentially eligible for therapy with calcium channel antagonists.
Following heart transplantation, patients with severe PAH are susceptible to acute RV failure for several reasons: (1) an inability of the smaller RV to adapt itself to an increased afterload; (2) low coronary blood flow per unit mass, which may lead to less cooling and perhaps less cardioplegia during the organ-harvesting process; and (3) tricuspid regurgitation due to annular distortion during implantation and a dilatory response to increased afterload [Bhatia 1987 [Addonizio 1987 , Bhatia 1987 . However, subsequent data demonstrated that the vasodilator-induced PVR index (PVRI) unit more accurately assessed the risk of RV failure than the Wood unit because it allowed for variations in body size [Addonizio 1987] .
Intravenous nitroprusside challenge provided initial evidence that right heart hemodynamic measurements were predictive of postoperative mortality due to RV failure [Costard- Jackle 1992] . However, although nitroprusside accurately identified patients with reversible PAH, it was nonselective in that systemic vasodilation resulted from the doses required to achieve pulmonary vasodilation [Costard-Jackle 1992 , Semigran 1994 . Additionally, nitroprusside has been associated with ventilation/perfusion mismatch and thiocyanate toxicity in the context of chronic use.
In contrast, iNO is a selective vasodilator that rapidly identifies patients with reversible pulmonary vasoconstriction without inducing systemic hypotension [Semigran 1994] . In a population of patients with severe heart failure who were referred for cardiac transplantation, Semigran and colleagues showed that iNO decreased PVR more robustly than intravenous nitroprusside, thereby identifying suitable surgical candidates with reversible (as opposed to fixed) PVR in whom nitroprusside caused systemic hypotension [Semigran 1994 ]. Significantly, the best response to iNO challenge (80 ppm) in another study was achieved by patients with the highest degree of pulmonary vasoconstriction, as determined by an elevated baseline PVRI [Loh 1994 ]. Atz and colleagues showed that combination testing with 100% oxygen and iNO not only enhanced the pulmonary vasodilatory response but also safely and accurately identified those patients with significant pulmonary vasoreactivity who otherwise might have been overlooked if either agent had been used alone [Atz 1999 ].
In patients with primary PAH, iNO testing reveals the probability of nonresponse to calcium channel antagonists, agents that can effectively prolong survival in hemodynamic responders [Rich 1992 , Ricciardi 1998 ]. Reduction in PVR with iNO accurately and safely predicts hemodynamic response to nifedipine without the risk of the systemic hypotension and RV contractility associated with intravenously administered adenosine and nitroprusside [Ricciardi 1998 , Cockrill 2001 . iNO screening is easily administered and spares patients with primary PAH the risk and expense associated with a trial of calcium channel antagonists in the intensive care unit [Ricciardi 1998 ].
In summary, iNO is a well-established, appropriate, and cost-effective diagnostic screening tool suitable for patients with PAH who are seeking to qualify for cardiac surgery or medical therapy [Ricciardi 1998 ].
H I G H -R I S K C A R D I AC S U R G E RY
Postoperative increases in PVR may seriously compromise RV afterload with consequent RV mismatch, reducing the cardiac output and ultimately causing RV failure. Table 1 delineates the perioperative management options for patients with RV dysfunction. Although intravenously administered pulmonary vasodilators reduce PVR, their efficacy is blunted by their hypotensive effects as well as by vasodilation of nonventilated lung regions, which increases shunt fraction [Maxey 2002] . Accordingly, the selective activity of inhalation agents, especially iNO, in reducing PVR without altering systemic blood pressure has rendered it the standard of care in the preservation of RV function following various cardiac procedures.
Evidence from small nonrandomized single-center studies suggests that iNO improves hemodynamics and oxygenation (decreasing the mean PAP [mPAP], the PVR, and the RV stroke work index [RVSWI] and increasing the cardiac index and the ratio of arterial blood oxygen tension to the fraction of inspired oxygen [PaO 2 /FiO 2 ]), thereby preserving RV function [Fullerton 1996 , Maxey 2002 . In 17 patients with modest PAH following coronary artery bypass grafting (CABG) and/or mitral valve replacement, iNO was shown to improve hemodynamics and significantly increase the PaO 2 /FiO 2 ratio, possibly by ventilation/perfusion match enhancement, thus lowering RV afterload and RVSWI [Maxey 2002 ]. Another study evaluated 20 cardiac surgery patients who did not have severe PAH and showed that iNO at a dose of 20 ppm normalized PVR and PAP as effectively as higher 40-ppm doses The Heart Surgery Forum #2004-1136 [Fullerton 1996] . A French study of 6 patients with mild PAH following mitral valve replacement showed that iNO (40 ppm) improved hemodynamics and oxygenation without altering systemic arterial or pulmonary wedge pressure and thereby preserved coronary perfusion of the RV [Girard 1992] . Generally, the dose of iNO should be initiated at 20 ppm in patients with postoperative PAH and increased to 40 ppm if warranted, because therapeutic benefit rarely occurs above this level [Argenziano 1998 , Beck 1999 , Schmid 1999 . Hypothetically, ventilation/perfusion mismatch, PAH, and hypoxemia may result from cardiopulmonary bypass-induced impairment of endothelial NO production [Bender 1997] . A study of 13 patients demonstrated that iNO decreased the ratio of mPAP to the mean systemic arterial pressure, increased the PaO 2 /FiO 2 ratio, and decreased shunt fraction. The investigators concluded that iNO may be a valuable adjunctive therapy within the first 24 hours following CABG because it selectively increases ventilation/perfusion matching in patients with persistent PAH and hypoxemia and preserves RV function [Bender 1997] . A small randomized crossover study that enrolled 14 patients with severe pulmonary hypertension but a preserved RV function after cardiac surgery found that treatment with iNO was equivalent to prostaglandin in terms of cardiac index and RV performance [Schmid 1999] .
A larger nonrandomized study by our group at Columbia University assessed iNO treatment in 34 patients (including 16 LV assist device [LVAD] recipients) who developed hemodynamically significant increases in PVR after various cardiothoracic procedures involving CABG [Beck 1999 ]. The results showed that iNO was beneficial in significantly reducing mPAP and increasing the cardiac index and systemic blood pressure. In 5 cases, patients could not be separated from cardiopulmonary bypass until iNO was administered. Significantly, iNO substantially reduced the number of patients who required RVAD placement following LVAD placement for biventricular heart failure with increased PVR [Beck 1999 ]. In such patients, PAH often limits device filling, subsequently causing RV failure in up to 40% of patients [Beck 1999 ]. At our institution, iNO use in this setting was correlated in a retrospective analysis with a 72% decline in RVAD placement, with only 3 of 60 LVAD recipients requiring an RVAD.
The role of iNO as an RVAD-sparing strategy in LVAD recipients was further investigated by our group in a blinded randomized trial that enrolled 11 patients with end-stage heart failure who were hemodynamically compromised with significant elevations in PVR and signs of pharmacologically refractory RV failure on weaning from cardiopulmonary bypass [Argenziano 1998 ]. These patients, who were at high risk for RV failure-related mortality, were randomly assigned to receive iNO or nitrogen. Although the patients who received iNO experienced significant reductions in mPAP and increases in LVAD flow, none of the nitrogen recipients showed any hemodynamic improvement. However, when the nitrogen-treated group subsequently crossed over to receive iNO, their hemodynamic variables improved dramatically. Of these 11 high-risk patients, only 1 required RVAD insertion, and this 1 case was attributable to the abrupt discontinuation of iNO treatment.
In summary, these results demonstrate that iNO is a potent, selective, and possibly RVAD-sparing pulmonary vasodilator useful as an intraoperative adjunct in the management of adult cardiac surgery patients. Prior to having their therapy escalated to RVAD placement, patients with persistent postoperative PAH should receive a trial treatment of iNO. Further controlled studies are needed to investigate the perioperative applications of iNO in adult high-risk surgery patients.
C A R D I OT H O R AC I C T R A N S P L A N TAT I O N
Clinical trials and experience suggest a role for iNO in the treatment of established ischemic reperfusion (IR) injury subsequent to lung transplantation and of persistent PAH subsequent to lung or heart transplantation. Prompt intervention with iNO therapy may ameliorate early allograft failure [Date 1996 ].
Pulmonary Transplantation
Acute IR injury, a potentially fatal complication associated with early allograft failure, is characterized by severe PAH, hypoxemia, systemic hypotension, and lung edema and occurs within 24 to 48 hours posttransplantation [Adatia 1994 , Macdonald 1995 , Date 1996 . Data from several small retrospective studies have shown that iNO improves hemodynamic parameters and oxygenation in patients with established IR injury [Adatia 1994 , Macdonald 1995 , Date 1996 ].
Date and colleagues showed that the initiation of iNO therapy (20-60 ppm) in a group of 15 patients immediately after diagnosis of allograft failure and continued for an average of 84 hours resulted in sustained improvement in oxygenation and decreased PAP [Date 1996 ]. Significantly, iNO therapy appeared to shorten the duration of mechanical ventilation and to reduce the incidence of airway complications.
Similarly, results from a study of 5 patients by Adatia and colleagues showed that iNO treatment lowered PAP and PVR and improved intrapulmonary shunt fraction after lung transplantation [Adatia 1994 ]. Observing that the therapeutic dosage level "remains controversial," the investigators commented, "Lower doses may optimize ventilation/perfusion relationships whereas higher doses gain maximal pulmonary vasodilation." However, because prolonged high-dose (80 ppm) iNO treatment may cause methemoglobinemia, weaning to the lowest possible therapeutic dose as soon as possible is advisable. Doses as low as 10 ppm and 20 ppm were sufficient to reverse respiratory failure and shock in 2 patients with severe acute IR injury following lung transplantation, as described in the case report [Macdonald 1995] .
Although iNO is effective in treating established IR injury, the reports of 3 studies indicated that it does not appear to prevent IR injury when administered at doses of 20 ppm within 10 minutes posttransplantation or during organ perfusion [Ardehali 2001b , Cornfield 2003 , Meade 2003 .
In summary, the use of iNO to manage IR injury posttransplantation is intriguing and warrants further study in controlled trials.
Cardiac Transplantation
Data suggest that iNO therapy is a useful adjunct in the management of patients with RV dysfunction following heart transplantation. Three studies documented the efficacy of iNO at various doses in the posttransplantation management of patients with PAH [Kieler-Jensen 1995 , Auler 1996 , Ardehali 2001a .
In a nonrandomized study by Ardehali et al, iNO treatment (20 ppm) reduced PAP, PVR, and RVSWI without affecting systemic hemodynamics in 16 consecutive heart transplant recipients [Ardehali 2001a] . Notably, the 30-day survival rate in the iNO-treated group was 100%, in contrast with 81% in the historical cohort group (P > .05).
In summary, although the results of initial clinical studies appear promising, further investigation is needed. Currently, institutional and provider protocols mandate the point at which iNO should enter the treatment course. Typically, trials of other vasodilating agents, including nitroprusside, are required prior to iNO initiation.
C O M PA R AT I V E E F F I C AC Y O F T H E P U L M O N A RY VA S O D I L ATO R S
The major options for the treatment of pulmonary vasoconstriction are listed in Table 2 . The intravenous vasodilators (ie, nitroprusside, amrinone/milrinone, adenosine, prostacyclin), although effective, are associated with hypotension, particularly with continuous infusion. For example, the side effects of intravenous prostacyclin therapy may include systemic hypotension and worsened gas exchange [Hoeper 2000 ]. Oxygen remains a mainstay in the treatment of PAH, particularly when it is augmented with pulmonary vasodilators.
Only 2 inhaled pulmonary vasodilating agents, NO and iloprost, have been used clinically in adults, and of these only iNO has been approved in the United States. A potent and selective pulmonary vasodilator, iNO exerts no systemic side effects, although continuous administration is required because of iNO's short half-life. Aerosolized prostacyclin (iloprost) induces selective and prolonged (1-2 hours) vasodilation but requires up to 12 doses daily for long-term therapy, and its side effects include syncope [Ghofrani 2002 , Olschewski 2002a , 2002b .
Interestingly, sildenafil, a phosphodiesterase-5 inhibitor, appears to potentiate the activity of the inhaled pulmonary vasodilators iNO and iloprost in a dose-dependent fashion by slowing the breakdown of cyclic guanosine monophosphate [Ghofrani 2002 , Olschewski 2002b . As was observed in more than 25% of patients in 1 study, discontinuation of iNO has been associated with rebound PAH and/or worsened gas exchange that promptly resolved after reinstitution of iNO treatment [Christenson 2000 ]. Sildenafil appears to facilitate weaning from iNO treatment by preventing rebound PAH [Lepore 2002 ].
Preliminary data from comparative studies suggest that the 2 inhaled pulmonary vasodilators, iNO and aerosolized prostacyclin, are roughly equivalent in efficacy. In a crossover study of 8 patients with adult respiratory distress syndrome, iNO and aerosolized prostacyclin demonstrated equivalence in inducing selective pulmonary vasodilation (decreasing PAP) and improving gas exchange (increasing PaO 2 ) [Zwissler 1996 ]. Aerosolized prostacyclin also appears to be a potential alternative to iNO for the treatment of IR injury following lung transplantation, as described in an initial case report showing that aerosolized prostacyclin lowered PAP [Fiser 2001 ]. However, in a crossover study of 35 patients with primary PAH who underwent acute drug testing in the cardiac catheterization laboratory, aerosolized iloprost (14-17 µg) decreased PAP and PVR to a greater degree than iNO (40 ppm), at least in the doses used in this study and with iNO administered first [Hoeper 2000 ]. Aerosolized prostacyclin was also equivalent to iNO in reducing mPAP, PVR, and the transpulmonary pressure gradient in a comparative study of 10 patients who underwent vasodilator challenge to test their eligibility for heart transplantation [Haraldsson 1998 ]. In a study of 20 patients, iloprost showed greater efficacy than iNO in lowering PAP, although iNO was administered in relatively low doses in this study [Sablotzki 2003 ].
Finally, a study of 126 cardiothoracic surgical patients with PAH, refractory hypoxemia, or right heart dysfunction found that aerosolized prostacyclin significantly decreased mPAP without altering mean arterial pressure [De Wet 2004] . The authors calculated the average price of inhaled prostacyclin to be $150 US per day and compared this cost with the potential price of iNO over the same period. They then calculated a savings with the use of inhaled prostacyclin.
An alternative way of describing the costs of a treatment is a cost-effectiveness ratio, which is the difference between the cost of treatment and the cost of placebo divided by the difference in effect between treatment and placebo. As many costs as possible are taken into consideration, including length-of-stay costs, postdischarge costs, and the costs of other interventions that may become unnecessary with an effective treatment. However, any cost-effectiveness analysis will necessarily be heavily influenced by the underlying assumptions, such as the place of administration and the cost of treatment. For instance, a cost-effectiveness analysis of iNO in the treatment of near term newborns with hypoxic respiratory failure found that the relative benefits of iNO changed, depending on whether treatment was assumed to be administered at a tertiary care extracorporeal membrane oxygenation center or at a local hospital [Angus 2003 ].
Cost of treatment is another assumption that affects costeffectiveness ratios. (INO Therapeutics, personal communication) . This type of information will have a direct effect on the utility of iNO compared with its cost in a given situation. In summary, further studies are needed to clarify the comparative efficacy of these 2 inhaled agents, iNO and iloprost, in pretransplantation screening and posttransplantation treatment of IR injury and PAH. Clinical trials and pharmacoeconomic analyses will both be necessary to directly resolve issues relating to the efficacy and cost-effectiveness of INO in comparison with other agents.
Other promising investigational agents for the treatment of pulmonary vasoconstriction include endothelin receptor antagonists, L-arginine, antiplatelet agents, serotonin inhibitors, statins, and down-regulators of potassium channels.
In summary, compared with other inhaled and intravenous pulmonary vasodilators, iNO is the only agent shown to improve hemodynamics, intrapulmonary shunt pressure, and oxygenation without having an effect on systemic blood pressure. However, clinical studies with other agents, particularly aerosolized prostacyclin, sildenafil, and endothelial receptor antagonists, may define a place for these agents in the near future in the management of adult perioperative patients.
C O N C LU S I O N
Selective for the pulmonary vasculature, iNO therapy provides a safe and effective alternative to intravenous vasodilators for the perioperative management of adult cardiothoracic surgery patients.
Diagnostically, iNO is used routinely to assess vasoreactivity in patients with acute or chronic PAH who seek to qualify for various cardiothoracic procedures, including transplantation, or medical therapy with calcium channel antagonists. In fact, vasoreactivity challenge with iNO is indicated in clinical situations characterized by RV dysfunction, PAH, and hypoxemia.
In the postoperative setting, iNO may improve PAH to the extent that RVAD placement may be averted in some cases. Therefore, iNO treatment should be initiated in patients with persistent RV dysfunction refractory to other agents before therapy is stepped up to RVAD placement. The use of iNO to treat IR injury in the setting of lung transplantation and in heart transplant patients with RV dysfunction appears promising and warrants further evaluation in clinical trials. Finally, issues relating to the efficacy and cost-effectiveness of iNO in comparison with other agents await resolution in clinical trials.
In conclusion, iNO is a useful and possibly RVAD-sparing intraoperative adjunct that has expanded our options for the management of critically ill adult cardiac surgery patients.
